into a digital picture. The cephalometric radiograph is scanned with a flatbed scanner, a video, or other device; the phosphor plate is scanned with a special scanner, while a digital cephalometric radiograph is directly produced by the sensor. The third step is to save the digital picture to the computer. At the same time, different parameters have to be specified such as the dots per inch (DPI, resolution), the bits (grey shades), and format (this is the technique used for saving). Within the phosphor plate system, the resolution has to be determined twice, before scanning and before saving. Specific software can be used for enhancement of the digital picture. After this last step it is possible to perform cephalometrics directly on the digital picture on screen, or to convert the digital picture back to an analogue cephalometric radiograph by printing. In reproducibility research on digital pictures, investigators have compared digitizing methods such as phosphor plates, video imaging, and flatbed scanners with analogue methods (Oliver, 1990; Macrì and Wenzel, 1993; Nimkarn and Miles, 1995; Geelen et al., 1998; Chen et al., 2000) . However, the results concerning the preferred method are contradictory.
It remains unclear whether quality parameters such as resolution or the amount of grey shades influence the reproducibility. Furthermore, a search in the literature revealed only studies on digital pictures that concern the reproducibility of landmarks. The accuracy and precision of a combination of landmarks (variables such as distances and angles) may well deviate from those of a single landmark. Orthodontic research generally tends to put great effort into longitudinal studies in which several stages in time are compared. Differences in identification of landmarks on cephalometric radiographs of the same individual at various time points can influence the reproducibility. However, no published data on reproducibility of increments as used in longitudinal studies could be found.
The aim of the present study was therefore to investigate the reproducibility of longitudinal cephalometric measurements and to compare analogue and digital methods using two different picture resolutions.
Subjects and methods

Patients, measurements, and observers
Cephalometric radiographs of 20 patients (11 males and nine females) were randomly selected using the analysis toolpack in Microsoft ® Excel 97 (Microsoft Corporation, Redmond, USA) from the files of an orthodontic practice. Cephalometric radiographs of good quality were used, which provided good scans and on which good analogue measurements could be undertaken. From each patient two cephalometric radiographs were used: at the start (T1) and at the end of active treatment (T2). On each cephalometric radiograph 17 landmarks were defined (Table 1) . With these landmarks 24 variables were calculated (Table 2) . Two observers (EO and JB) performed all measurements according to the methods described below. The films were assessed in two ways: analogue (method 1) and digital (methods 2 and 3). All cephalometric radiographs were isolated for tracing and for scanning. The time interval between the measurements according to the analogue and the digital method was five weeks, and between the two digital methods three weeks.
Method 1: analogue measurement
The cephalometric radiographs were traced and measured manually by the two observers, both of whom worked in a dark room while making the tracings. They used trace foil (3M Unitek ® Corporation, Monrovia, USA), a 4H pencil and a cephalometric protractor (3M Unitek ® ) for measuring variables.
Method 2: digital measurement with 300 DPI
The cephalometric radiographs used for the analogue measurement were converted to digital pictures with a Linotype Hell Opal scanner (optical resolution: max 800 × 1600 DPI; interpolated: 9600 × 9600 DPI, maximum grey scale output 8 bits/pixel), plug-in Linotype CPS ColorFactory Pro v2.0 software (both by Linomed Medical Imaging GmbH, WindeckWiedenhof, Germany) and Photoshop 5.01 ® (Adobe Systems Incorporated, San Jose, USA). The procedure was carried out without filtering on 600 DPI with 8-bit colour depth, and the images were saved as JPEG files on compression rate 8 (1 is full compression and 10 no compression). The computer used for the cephalometric analysis was an Intel Pentium II processor ® , with 64 megabyte internal memory and a conventional 17 inch screen set to an average resolution of 1024 × 768 (this corresponds to 75 DPI). Within Photoshop the digital pictures were resaved at 300 DPI. This resolution was chosen as many clinicians use a resolution equal to or lower than 300 DPI in routine orthodontic practice and because 300 DPI is the output of most commercially available scanners and X-ray devices used for (in) direct acquisition.
Method 3: digital measurement with 600 DPI
The average screen resolution was increased to 1600 × 1200 (117 DPI) and an enlargement factor between 2 and 5 was used on screen. For this method the digital pictures previously saved at 600 DPI were used. For both digital methods the cephalometric analysis was undertaken with AOCeph™ prerelease (American Orthodontics, Sheboygan, USA), a cephalometric analysis program with image processing. The observers were allowed to use various enhancing functions such as changing magnification, brightness, and contrast. The landmark was identified and then set by a crosspointer. After completing the digitizing of a set of landmarks, the program automatically generated the variables.
Statistics
The statistical analysis followed the strategy described below and was applied to evaluate variables at a single point of time (T1 and T2, n = 40) as well as differences between T1 and T2 (increments, n = 20). This statistical approach took into account the following four quality criteria:
1. Systematic differences between the two observers or the two measurement methods were evaluated using the paired t-test. 2. Random errors were estimated from the standard deviations of the differences between paired observations. Since these differences included the measurement error twice, the random error was calculated as: random error = SD (differences)/√2.
3. Total error was calculated using Dahlberg's formula (total error = √Σdif 2 /2n). The total error may be interpreted as the combination of systematic difference and random error. 4. Reliability coefficient, representing the quality of the measurements (variables) in its context, i.e. its use in clinical practice. The measurement error (e) was weighed against the population standard deviation (σ) by the reliability coefficient = σ 2 /(σ 2 + e 2 ). A reliability coefficient = 1 implies a perfect measurement, while a reliability coefficient = 0 implies a non-discriminating useless measurement. A measurement with a reliability coefficient > 0.70 is generally regarded as an acceptable measurement. Reliability coefficients are estimated by the correlation coefficients between two situations (observer or method).
These four quality criteria were used to evaluate the digital assessments and analogue assessment in relation to each other as follows:
1. Systematic differences were seen as relevant or interesting only when they were considerably larger than the random errors. Notice was paid to such situations. 2. The total error was used as an indication of the measurement error. 3. The reliability coefficient was used to discriminate between useful and useless measurements.
The quality of the three different measurement methods was evaluated according to the following questions:
1. How does the 300 DPI method compare with the analogue method in terms of total error and reliability? 2. Can the quality of the measurements and increments be improved by increasing the resolution of digital pictures?
Both questions were answered by comparing the reliability coefficients associated with the respective methods as obtained from the interobserver comparison. The defined quality parameters of the different methods are presented in tables, so that the calculated results of the study are open to further conclusions and interpretations. In order to give a guideline in interpreting the results, the following rules were applied:
1. Two methods were seen as equivalent (=) when the reliability coefficients differed by no more than 0.35; otherwise superiority was indicated (e.g. A for Analogue and D for Digital). 2. Two equivalent methods (=) might be equivalent on an acceptable level (+) or on an unacceptable level (-) if the average reliability coefficient was larger or smaller than 0.70, respectively. 3. A method was considered to be superior to another method if the reliability coefficient of the better method was > 0.70. 4. The ratio in total error may serve as an explanation of an observed difference in reliability of the considered methods. In comparing the analogue method with the 300 DPI method, the total error ratio was: total error analogue method/total error 300 DPI. The total error ratio in testing whether an increased resolution can improve the quality of measurements was: total error 300 DPI/ total error 600 DPI. Tables 3, 4 , and 5 present the systematic and random errors obtained for the three methods.
Results
Systematic difference and random error: inter-observer agreement
In 38 out of 138 (28 per cent, marked by an asterisk) variables and their increments, the paired t-test showed a significant difference between the two observers. A systematic difference may be neglected if it is smaller than the random error. In only 10 variables (see Tables  3-5 marked by +) was the systematic difference larger than the random error. This was true of one variable in the analogue method, of four variables in the 300 DPI method, and of five variables in the 600 DPI method. None of the 10 measurements involved were increments, indicating that systematic differences did not play an important role in this study and that the total error was thus a good measure for the measurement error.
Comparison of the methods: analogue versus 300 DPI (Table 6) Most of the measurements proved to be equivalent for these two methods. For the variables, only the Wits appraisal was found to be better with the analogue method whereas only Pg to NB was found to be better with the digital method. The reliability of most variables proved to be acceptable. Exceptions were 'Convexity angle' and 'SN to occl. Pl.'. For the increments too, the reliability of both methods seemed to be equivalent. Only four increments were measured more reliably by the digital (300 DPI) than the analogue method (facial angle, L1-NB, L1-A-Pg, 660 E. M. ONGKOSUWITO ET AL. and Pg-NB). In three of these increments (L1-NB, L1-A-Pg, and Pg-NB) this was due to the large total error ratio, which ranged from 2.5 to 3.8. The 'facial angle' increment, however, had only a small difference in total error, so that the better 'result' for the digital method might be mere coincidence. For approximately half the increments, the reliability of the measurements was not satisfactory.
Improvement of the 300 DPI method by using 600 DPI (Table 7) According to the criteria, all measurements (variables and increments) have to be seen as equivalent. This equivalence, however, was not always at an acceptable level of reliability, as shown by the minus (-) sign in Table 7 . This was the case for most skeletal relationship increments. Equivalence and an acceptable level of reliability were found for most other measurements (mostly incisor measurements), as shown by the addition (+) signs in Table 7 .
Discussion
Many different study designs have been used to test the reproducibility of measurements (Houston, 1979; Richardson, 1981; Oliver, 1990; Davis and Mackay, 1991 ; Macrì and Wenzel, 1993; Nimkarn and Miles, 1995; Geelen et al., 1998; Rudolph et al., 1998; Chen et al., 2000; Liu et al., 2000) . Most of these investigations tested the reproducibility of single landmarks, because the identification of landmarks is the main source of error. It was not possible to identify studies in the literature that tested reproducibility of increments as used in longitudinal cephalometric investigations. This is surprising because many longitudinal studies are carried out in the field of orthodontics. Furthermore, the influence of resolution and other digital picture quality parameters has not previously been evaluated. The present study showed that scanning of cephalometric radiographs with a higher resolution did not influence the measurement error. Comparison of the 300 DPI and the analogue method revealed that the lower incisor increments tended to be less reproducible with the analogue method. It is, however, difficult to explain why the digital method should be more reproducible than the analogue method, especially for the lower incisor increments. Upper incisor increments were reproducible with both methods so that either method can be used. The reproducibility of the skeletal jaw relationship increments, however, was not satisfactory either for the 300 DPI or for the analogue method. This must be taken into consideration when results of longitudinal studies are interpreted. It is important to find more efficiently reproducible measurements that describe skeletal jaw relationships. As stated above, this study did not test whether the precision and accuracy were better in the X-or Y-direction for a single landmark or a combination of landmarks. Most studies, however, have reported a difference in error in the horizontal and vertical directions for single landmarks Liu et al., 2000) . The findings in the present investigation indicate that digital cephalometrics may be a better method for some measurements. The digital technique also has the following advantages: no need for a dark room for tracing, chemicals, or physical space for storage. It should be borne in mind, however, that digital pictures that originate from poor-quality analogue cephalometric radiographs often give an even poorer image. This is important because poor-quality (digital) cephalometric radiographs influence the identification of landmarks.
There are also differences between the various digital techniques. The advantages of a sensor technique are that the digital cephalometric radiographs are produced directly by the sensor, which is more efficient, while storage is easier and the pictures can be enhanced afterwards. The main advantages of the phosphor plate technique are that no new X-ray machine is needed and the quality of digital pictures is better than with the sensor technique (Geelen et al., 1998) .
The reliability of landmark identification using different digitizing techniques has been (Geelen et al., 1998) . Chen et al. (2000) , who used a flatbed scanner for digitizing, also agreed that digital cephalometrics could produce better results using digital pictures of 150 DPI, 8 bits.
On the other hand, all authors using a video camera to digitize the cephalometric radiographs (Oliver, 1990; Macrì and Wenzel, 1993; Nimkarn and Miles, 1995) found poorer results for their digital technique compared with conventional cephalometric radiographs, using digital pictures with an unknown format and lower quality parameters, 65 DPI, 8 bits and 'average' original quality (Oliver, 1990) , 51 DPI, unknown grey shades (Macrì and Wenzel, 1993) , or unknown parameters (Nimkarn and Miles, 1995) . In the present study, pictures in standard resolution (300 DPI) and high resolution (600 DPI) with an 8-bit grey scale were used. This was necessary because magnification should still be possible without pixelizing when using an average screen resolution of 115 DPI. Grey scale is also important, since identification of landmarks is most often based on evaluation of grey shades. The use of at least a 7-bit grey scale is mandatory because fewer grey shades may lead to unreliable decisions on reproducibility of measurements (Thijssen, 1993) . The compression technique must also be taken into consideration since it could affect the grey scale or number of pixels.
In the present study a 'lossy' compression technique (JPEG) was used. The JPEG format has been shown to have no effect on diagnostic accuracy in the field of thoracic imaging (MacMahon et al., 1991; Goldberg et al., 1994) .
Conclusions
Scanning of cephalometric radiographs at a resolution of 300 DPI is sufficient for clinical purposes and comparable to analogue cephalometrics. However, all methods are poor in measuring skeletal jaw relationships longitudinally. 
